Background {#Sec1}
==========

Studies on the human gut microbiome have increasingly reported associations between the gut microbiome and various diseases including type 2 diabetes \[[@CR1]\], or inflammatory bowel disease \[[@CR2]\]. Generally, gut microbiome studies are performed with experimental methods that differ among research groups, resulting in studies that have technical variations, thereby hindering the capacity to draw direct comparisons between multiple studies.

Experimental steps including sample preservation \[[@CR3], [@CR4]\], DNA extraction \[[@CR5]--[@CR7]\], and library preparation \[[@CR8]\] influence microbiome profiles. Among these, DNA extraction from fecal samples is a major factor affecting the variability of the microbiome profiles according to the International Human Microbiome Standards (IHMS) group \[[@CR9]\], the MicroBiome Quality Control (MBQC) project \[[@CR10]\], among other studies \[[@CR11], [@CR12]\]. Despite the use of the same DNA extraction kit, the inclusion of a mechanical lysis step can also affect the resulting microbial composition as a higher mechanical strength is needed to disrupt the cell walls of gram-positive bacteria \[[@CR5], [@CR6], [@CR9]\].

The QIAamp DNA Stool Mini Kit was one of the most commonly used extraction kits for gut microbiome studies. The IHMS reported that the protocol for this kit, with specific modifications, displays optimal performance in overall microbiome analysis \[[@CR9]\]. However, the manufacturing of this kit has been discontinued; hence, numerous research groups may now require a new DNA extraction protocol. As an alternative, the QIAamp PowerFecal Pro DNA Kit, recently manufactured by Qiagen, may prove useful owing to its improved technology for the efficient elimination of inhibitors in fecal samples, as well as the application of a novel bead tube to facilitate more efficient bacterial lysis \[[@CR13]\]. Furthermore, this kit is compatible with an existing automated sample preparation instrument, QIAcube, and thus, the downstream processes following bead-beating can be automated using the QIAcube. The use of automated systems for DNA extraction allows for the elimination of manual experimental steps, thereby, enabling the standardization of results. Before introducing a new protocol for the primary experiments, it is important, however, to determine whether the new protocol would be an appropriate replacement for gut microbiome studies in comparison with the established kits and protocols.

This study investigated whether the QIAamp PowerFecal Pro DNA Kit (protocol P) performed similarly to the QIAamp DNA Stool Mini Kit with or without an additional bead-beating step (protocols SB and S, respectively) in gut microbiome analysis. To this end, fecal samples obtained from 10 individuals were collected. The similarities or differences among the three protocols were then assessed by 16S rRNA gene sequence profiles, as well as the quantity and quality of extracted DNA. This study provides useful information regarding the differences in human gut microbiome data generated using three protocols and will, therefore, prove valuable for researchers in selecting alternative protocols for investigating the gut microbiome.

Results {#Sec2}
=======

DNA quantity and quality {#Sec3}
------------------------

Ninety DNA samples were extracted from 10 individual fecal samples using three protocols in triplicate aliquots (three protocols × 10 individuals × triplicate) (Fig. [1](#Fig1){ref-type="fig"}). One sample was excluded from all downstream analyses as it appeared to be mislabeled or to have a technical error, based on the 16S rRNA sequence results. To assess whether the quantity and quality of extracted DNA were appropriate for library preparation for 16S rRNA gene sequencing, we first measured the DNA concentration and DNA purity using a NanoDrop ND-1000 spectrophotometer. DNA concentration was the highest for protocol P (*P*-value \< 0.0001; mean ± SD: protocol P 93.97 ± 27.73 ng/μL, protocol SB 35.84 ± 27.46 ng/μL, protocol S 23.74 ± 18.33 ng/μL; Fig. [2](#Fig2){ref-type="fig"}a). Considering the elution volumes, DNA quantities of 9.397 ± 2.773 μg, 7.168 ± 5.491 μg, 4.748 ± 3.666 μg were obtained per extraction with protocols P, SB, and S, respectively (Fig. [2](#Fig2){ref-type="fig"}b). Furthermore, samples obtained using protocol P had 260/280 absorbance ratios closest to 1.8, indicating that these samples were the least contaminated with proteins or RNAs (*P*-value \< 0.0001; mean ± SD: protocol P 1.884 ± 0.0138, protocol SB 1.962 ± 0.1693, protocol S 2.234 ± 0.1886; Fig. [2](#Fig2){ref-type="fig"}c). Moreover, protocol P displayed the lowest standard deviation for DNA quantity and quality (Fig. [2](#Fig2){ref-type="fig"}), indicating that protocol P yielded DNA with consistent quantity and quality from fecal samples. Additionally, although the 260/230 absorbance ratios in protocol P were lower than the desirable range (2.0--2.2) (Additional file [1](#MOESM1){ref-type="media"}: Fig. S1), which may have been affected by residual buffer components from the extraction steps, the 16S libraries for all samples were well constructed. This indicates that all tested protocols effectively extracted DNA of sufficient quantity and quality to construct the 16S libraries. Fig. 1Experimental design. Ten fecal samples mixed with OMNIgene-GUT solution were used for DNA extraction with three DNA extraction protocols in triplicates. Ninety DNA samples thus extracted were subjected to 16S rRNA sequencingFig. 2Concentration and purity of the DNA samples. **a** Concentration, **b** quantity, and **c** purity (A~260~/A~280~) of the DNA samples extracted through protocols S, SB, and P. (\* *P*-value \< 0.05, \*\*\* *P*-value \< 0.001; Kruskal-Wallis test with Dunn's multiple comparison test)

Microbial diversity {#Sec4}
-------------------

Further, we analyzed the effect of DNA extraction protocols on the gut microbiome data through 16S rRNA sequencing with the Illumina MiSeq platform. Costea et al. reported that the alpha diversity index (Shannon's diversity) serves as an optimal criterion for DNA extraction performance as it displays positive correlations with the recovered relative abundance of gram-positive bacteria \[[@CR9]\]. We thus compared Shannon's diversity index for the three protocols to predict the accuracy of the recovered abundance profile. Significant differences in the Shannon's diversity were observed exclusively between protocols S and P (*P*-value \< 0.05), with no differences observed between protocols SB and P (Fig. [3](#Fig3){ref-type="fig"}a). Therefore, based on Shannon's diversity index, protocol P appeared to offer the optimal performance, albeit comparable to that of protocol SB. Fig. 3Diversity metrics of the samples. **a** Alpha diversity (Shannon's diversity). **b** Principal coordinates analysis based on Bray-Curtis distances. The samples were color-coded for the DNA extraction protocols (top) and for individuals (bottom), respectively. **c** Bray-Curtis distances 1) between samples from the same protocol and different individuals (SP-DI), 2) between samples from different protocols and the same individual (DP-SI: P vs SB, P vs S, and S vs SB), and 3) between samples from the same protocol and the same individual (SP-SI, replicate samples). (\* *P*-value \< 0.05, \*\*\* *P*-value \< 0.001; Kruskal-Wallis test with Dunn's multiple comparison test)

We also compared the microbial richness and evenness and found that the mean values of observed amplicon sequence variants (ASVs) were highest in the protocol P samples, however, these differences were not statistically significant across protocols. Meanwhile, the Pielou's evenness of protocol P was significantly higher than for protocols S and SB (Additional file [2](#MOESM2){ref-type="media"}: Fig. S2), indicating that although the extraction protocols did not exhibit differences in the number of distinct microbes, they did affect the relative abundances of observed microbes. These differences in the relative abundances may lead to microbial evenness as well as Shannon's diversity.

Variation in microbiome profiles {#Sec5}
--------------------------------

To evaluate the effect sizes of DNA extraction protocols on gut microbiome profiles, the beta diversity was determined in accordance with the Bray-Curtis distance. The principal coordinates analysis (PCoA) plot revealed that samples from each individual clustered together irrespective of the extraction protocol (Fig. [3](#Fig3){ref-type="fig"}b).

Furthermore, we determined the Bray-Curtis distances, 1) between samples from the same protocol and different individuals, 2) between samples from different protocols and the same individual (P vs SB, P vs S, and S vs SB), and 3) between samples from the same protocol and the same individual (replicate samples) (Fig. [3](#Fig3){ref-type="fig"}c). As shown in the PCoA plot (Fig. [3](#Fig3){ref-type="fig"}b), the samples from the same protocol and different individuals displayed significantly greater Bray-Curtis distances (mean ± SD: 0.8063 ± 0.07258) compared to those between P vs SB, P vs S, and S vs SB or those between replicate samples, indicating that inter-individual variation is greater than inter-protocol or intra-protocol variations. Furthermore, Bray-Curtis distances of P vs SB and P vs S were slightly, however not significantly, higher than those of S vs SB (mean ± SD: P vs SB 0.2945 ± 0.04676, P vs S 0.3090 ± 0.04252, S vs SB 0.1138 ± 0.03161). Together, these results indicate that inter-individual differences largely influenced the gut microbiome profiles compared to the inter-protocol differences, and that individual microbial profiles generated with the different protocols were generally comparable.

Differences in genus abundance {#Sec6}
------------------------------

We next performed differential abundance analysis to enumerate and determine the significantly differentially abundant genera between the samples obtained using each protocol. During this analysis, if all samples were assigned a zero count for a given genus, or if a genus was filtered by automatic independent filtering, the adjusted *P*-value (padj) was set to NA for the genus in DESeq2. Accordingly, among the 103 taxa classified at the genus level, the adjusted *P*-values were not applicable for 22 (21.4%) genera for the comparison between protocols P and SB and for 14 (13.6%) genera in comparisons both between protocols P and S, and between protocols SB and S. Moreover, 72 (69.9%) and 71 (68.9%) genera were not differentially abundant in protocol P compared with protocols SB and S, respectively; meanwhile, 88 (85.4%) genera were not differentially abundant in protocol SB compared to protocol S (padj \> 0.05). Alternatively, nine (8.7%) and 18 (17.5%) of the tested genera were differentially abundant in protocol P compared to protocols SB and S, respectively; while only one genus (1.0%) was found to be differentially abundant in protocol SB compared to protocol S (padj \< 0.05; Fig. [4](#Fig4){ref-type="fig"}a and Additional file [3](#MOESM3){ref-type="media"}: Table S1). Fig. 4DESeq2 analysis identifying differentially abundant genera between samples obtained through protocols S, SB, and P. **a** The numbers of significantly differentially abundant genera (padj \< 0.05), and non-significantly differentially abundant genera (padj \> 0.05) among the 103 tested genera. **b** and **c** Genera to the right and the left of the zero line are more and less abundant in protocol P than in protocols SB **b** or S **c**, respectively. Brighter colored bars indicate that the genera were differentially abundant in protocol P in comparison only with protocol S, but not with protocol SB. Darker colored bars indicate that the genera were commonly differentially abundant in protocol P compared to both protocols SB and S

Samples from protocol P had significantly higher abundances of *Blautia*, *Weissella*, *Dorea*, *Bifidobacterium*, and *Collinsella*, while these samples had significantly lower abundances of *Holdemania*, *Oscillospira*, *Lachnospira*, and *Sutterella* than those from both protocols SB and S (Figs. [4](#Fig4){ref-type="fig"}b and c). The degrees of log~2~ fold-changes for these genera were higher between protocols P and S than between protocols P and SB, indicating that the abundances of these genera were affected by differences between the two kits, and the magnitude of the effect increased upon omission of an additional bead-beating step. These patterns were also observed in the graphs for genera relative abundance among the three protocols (Additional file [4](#MOESM4){ref-type="media"}: Fig. S3, Additional file [5](#MOESM5){ref-type="media"}: Fig. S4).

Compared to the samples obtained using protocol S, those obtained with protocol P additionally exhibited a higher abundance of other genera including *Turicibacter*, *Adlercreutzia*, *Lactobacillus*, *Lactococcus*, \[*Eubacterium*\], *Clostridium*, and \[*Ruminococcus*\], while having a lower abundance of *Bacteroides* and *Parabacteroides* (Figs. [4](#Fig4){ref-type="fig"}b and c). Interestingly, the genera determined to be more abundant in protocol P than in protocol S, but not than in protocol SB were gram-positive bacteria, while those that were less abundant in protocol P than in protocol S, but not than in protocol SB were gram-negative bacteria. These results are concurrent with the reduction in the alpha diversity in protocol S compared to protocol P (Fig. [3](#Fig3){ref-type="fig"}a), thus reconfirming that inclusion of a bead-beating step in the DNA extraction protocol is critical for disrupting the cell wall of gram-positive bacteria \[[@CR5], [@CR6]\].

Among the top 10 most abundant genera, differential abundance analysis of protocols P and SB revealed significant differences only in the 9th and 10th most abundant genera (*Oscillospira* and *Blautia,* respectively). In contrast, on comparing protocols P and S, four genera, including the most abundant (*Bacteroides*), were found to be differentially abundant between the two protocols among the top 10 most abundant genera (Additional file [3](#MOESM3){ref-type="media"}: Table S1). Therefore, when compared to protocol SB, the effect of protocol P on the abundances of major genera was smaller than compared to protocol S.

Discussion {#Sec7}
==========

This study shows that the degree of microbiome variations caused by differences in the tested DNA extraction protocols was significantly less than that caused by inter-individual differences. Meanwhile, the results of Shannon's diversity and differential abundance analysis suggest that protocol P gives more similar results to protocol SB as compared to protocol S, which may be due to the fact that both protocols P and SB included a bead-beating step during DNA extraction, while protocol S did not. Hence, bead-beating as implemented in protocols P and SB provides higher extraction efficiency for gram-positive bacteria, concurrent with previous reports \[[@CR6], [@CR9], [@CR14]\].

A limitation of this study was the exclusion of other commercially available kits for the comparative analysis. It is important to maintain consistent protocols throughout a microbiome study; however, in the case of a long-term study that carries over several years, a product can become discontinued. The study presented herein proves particularly important in these instances to provide a clear comparison of the similarities and differences in microbiome profiles generated between the discontinued kit and an alternative. We note that in this context, the current study focused on a comparison between the widely used but discontinued kit (QIAamp DNA Stool Mini Kit) and a newly available kit (QIAamp PowerFecal Pro DNA Kit), rather than a comparison between the new kit and other commercially available kits, or a comparison between the discontinued kit and other commercially available kits. To determine which protocol is the most suitable for gut microbiome study among the commercially available kits, future studies with a larger number of kits are needed.

Despite the limitation, this study provides useful information for many researchers who had previously used the QIAamp DNA Stool Mini Kit, or who will analyze the microbiome data generated with QIAamp DNA Stool Mini Kit and QIAamp PowerFecal Pro DNA Kit, as well as for those who are preparing to set up a new microbiome experiment.

Conclusions {#Sec8}
===========

This study shows that protocol P of the new commercially available DNA extraction kit (QIAamp PowerFecal Pro DNA Kit) yields generally comparable microbiome results with those from the existing protocol including a bead-beating step, with only few genera being differentially abundant. The present results are potentially applicable to researchers for the selection process of an alternative DNA extraction protocol in place of the discontinued kit (QIAamp DNA Stool Mini Kit). Owing to differences in the abundance of several bacteria among different extraction protocols, when comparing multiple studies, the extraction protocols used in the studies must be considered.

Methods {#Sec9}
=======

Fecal samples and DNA extraction {#Sec10}
--------------------------------

Ten healthy fecal samples collected in OMNIgene-GUT tubes (DNA Genotek, ON, Canada) were used for DNA extraction experiments. Herein, two commercial DNA extraction kits were used: QIAamp DNA Stool Mini Kit (Qiagen, Hilden, Germany) and QIAamp PowerFecal Pro DNA Kit (Qiagen). For the QIAamp DNA Stool Mini Kit and QIAamp PowerFecal Pro DNA Kit, DNA extraction was performed with 250 μL of the fecal sample in accordance with the manufacturer's instructions, using a QIAcube system (Qiagen), being designated as "protocol S" and "protocol P," respectively. Furthermore, because the QIAamp DNA Stool Mini Kit does not include a bead-beating step, DNA extraction performed using this kit involved an additional bead-beating step, being designated as "protocol SB" \[[@CR5]\]. Briefly, 250 μL of the fecal sample was transferred to a 2-mL tube containing 1.2 mL ASL lysis buffer and 0.3 g sterile 0.1 mm zirconia beads (BioSpec, OK, USA), and then vortex-mixed for 2 min. The samples were heated at 95 °C for 15 min and additionally homogenized using the Qiagen TissueLyser II. After treatment with an InhibitEX Tablet, 350 μL of the supernatant was subjected to the subsequent steps using a QIAcube system. In protocol P, DNA was eluted in 100 μl of elution buffer, while in protocols S and SB, DNA was eluted in 200 μl of elution buffer. For individual fecal samples, DNA was extracted with each protocol (S, SB, or P protocol) in triplicate, thus yielding 90 DNA samples for further analyses (three protocols × 10 individuals × triplicate) (Fig. [1](#Fig1){ref-type="fig"}). DNA quantity and quality (A~260~/A~280~ and A~260~/A~230~) were measured using a NanoDrop ND-1000 spectrophotometer (NanoDrop Technologies Inc., DE, USA) and the rest of the DNA was stored at − 20 °C until use.

16S rRNA sequencing and sequence processing {#Sec11}
-------------------------------------------

A library for the V3--V4 region of 16S rRNA was constructed in accordance with the 16S Metagenomic Sequencing Library Preparation Illumina protocol (Part \# 15044223 Rev. B, Illumina, CA, USA). Sequencing was performed using the MiSeq 2 × 300 platform (Illumina) in accordance with the manufacturer's instructions.

From the sequencing results, ASVs were inferred using DADA2 plugin \[[@CR15]\] within QIIME2 (2019.10 version) \[[@CR16]\]. To predict the taxonomy of each ASV, the Naïve Bayesian classifier \[[@CR17]\] was trained on the V3--V4 region of the Greengenes 13.8 database \[[@CR18]\], and then applied to the ASV sequences. Alpha diversity (Shannon's diversity, observed ASVs, and Pielou's evenness) and beta diversity (Bray-Curtis distance) were determined using the q2-diversity plugin in QIIME2 at a sampling depth of 12,500.

Statistical analysis {#Sec12}
--------------------

PCoA was performed for the Bray-Curtis distance metric using the q2-diversity plugin in QIIME2. The Kruskal-Wallis test with Dunn's multiple comparison test was conducted to compare the variables among the three protocol groups. To identify differentially abundant genera between the samples obtained through protocols S, SB, and P, differential abundance analysis was performed using the ASV table agglomerated to the genus level, using a negative binomial Wald test as implemented in the DESeq2 R package \[[@CR19]\]. We considered a Benjamini--Hochberg adjusted *P*-value \< 0.05 as statistically significant. One of the individual \#5 DNA samples extracted using the SB protocol (SB5--1) was excluded from all analyses, as based on the Bray-Curtis distances between replicate samples, the distances between SB5--1 and the other two SB5 (SB5--2 and SB5--3) were substantially greater, not only than those between other replicate samples, but also compared to distance between SB5--2 and SB5--3, which may be caused by a mislabeling or technical error.
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###### 

**Additional file 1: Figure S1.** A~260~/A~230~ of the DNA samples extracted through protocols S, SB, and P. (\*\* *P*-value \< 0.01, \*\*\* *P*-value \< 0.001; Kruskal-Wallis test with Dunn's multiple comparison test).

###### 

**Additional file 2: Figure S2.** Alpha diversity (observed ASVs and Pielou's evenness) of the samples extracted through protocols S, SB, and P. (\* *P*-value \< 0.05, \*\* *P*-value \< 0.01; Kruskal-Wallis test with Dunn's multiple comparison test).

###### 

**Additional file 3: Table S1.** DESeq2 analysis identifying differentially abundant genera between the samples obtained through protocols S, SB, and P.

###### 

**Additional file 4: Figure S3.** Average relative abundance plot for DNA extraction protocols (the top 20 most abundant genera).

###### 

**Additional file 5: Figure S4.** The relative abundances of several significantly differentially abundant genera obtained through protocol P in comparison with protocols SB and S.
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